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This  summary s t a t u s  r e p o r t  supplements t h e  a t t a c h e d  copy 

of t h e  paper ,  "Low Dens i ty  Thermal I n s u l a t i o n  M a t e r i a l s  f o r  

U s e  Above 3000°F" p resen ted  o r a l l y  a t  t h e  Ceramic M a t e r i a l s  

f o r  Nuclear Power and Space App l i ca t ions  Symposium, American 

C e r a m i c  S o c i e t y ,  65 th  Annual Meeting, P i t t s b u r g h ,  Pennsylvania ,  

A p r i l  30, 1963. 

Mat r ix  M a t e r i a l s  - The h ighe r  p u r i t y  z i r c o n i a  r a w  m a t e r i a l  

(700  p p m  t o t a l  i m p u r i t i e s )  r e f e r r e d  t o  i n  t h e  paper  t ends  t o  

produce a more dense f i r e d  foam ceramic than  p rev ious ly  used.  

I t  e x h i b i t s  be t t e r  r e f r a c t o r i n e s s  b u t  poorer  thermal  shock 

r e s i s t a n c e .  V a r i a t i o n s  i n  foaming technique and s e t t i n g  a g e n t s  

a r e  be ing  examined i n  order  to produce a ma t r ix  of be t te r  p h y s i c a l  

properties.  To i n s u r e  t h a t  adequate  foamed ceramic w i l l  be 

a v a i l a b l e  f o r  t es t s  t o  4000°F, a d d i t i o n a l  e f f o r t s  a r e  b e i n g  

d i r e c t e d  towards h igher  p u r i t y  magnesia and improved s e t t i n g  

a g e n t s  f o r  t h o r i a  s o  t h a t  foams of t h e s e  m a t e r i a l s  may be con- 

s i d e r e d  a s  a l t e r n a t e s  t o  z i r c o n i a .  

Composites - Pre l imina ry  thermal  c o n d u c t i v i t y  d a t a  f o r  z i r c o n i a  

foam Zr6 a lone  and w i t h  bo th  cont inuous and d iscont inuous  phases  



of g r a p h i t e  added a r e  p re sen ted  i n  t h e  paper.  The d i f f e r e n c e  i n  

t h e  slopes of t h e  thermal  c o n d u c t i v i t y  v e r s e s  temperature  curves  

i n d i c a t e s  t h a t  t h e  cont inuous phase of t w o  component composite 

governs t h e  curve  slope. Moreover, it i s  encouraging t o  note  t h a t  

n e i t h e r  of t h e s e  specimens d i s p l a y  t h e  marked upturn  i n  c o n d u c t i v i t y  

apparent  i n  t h e  foam mat r ix  above about  2400 C. Th.e h igher  p u r i t y  

z i r c o n i a ,  when p e r f e c t e d ,  w i l l  be s i m i l a r l y  impregnated and tested 

t o  t h e  h igher  tempera tures  which w i l l  be a v a i l a b l e  s h o r t l y .  

0 

E f f o r t s  a r e  con t inu ing  i n  a t t empt s  t o  produce uniform foams 

c o n t a i n i n g  hollow sphe res  of z i r c o n i a  coa ted  w i t h  a t h i n  f i l m  of 

me ta l l i c  tungs t en .  

A method has  been developed f o r  t h e  f a b r i c a t i o n  of s t a b i l i z e d  

z i r c o n i a  foams which have incorpora ted  i n  them aromat ic  hydrocarbons. 

The n a t u r e  of t h e  decomposition du r ing  i n e r t  f i r i n g  and t h e  d i s p o s i t i o n  

of t h e  r e s i d u e  du r ing  t h e  h i g h  temperature  t r ea tmen t  a r e  be ing  

e v a l u a t e d  and compared fo r  fou r  t y p e s  of aromatic  hydrocarbons. 

Thermal T r a n s f e r  C e l l  

Design and eng inee r ing  fo r  t h e  convers ion  of t h e  thermal  

t r a n s f e r  c e l l  f r o m  a r e f r a c t o r y  meta l  h e a t e r  t o  a g r a p h i t e  h e l i x  

h e a t e r  have been completed. Components a r e  be ing  f a b r i c a t e d  and 

procured i n  p r e p a r a t i o n  fo r  f i n a l  assembly. This  rnodi f ica t ion  

w i l l  i n c r e a s e  t h e  tempera ture  c a p a b i l i t i e s  of t h e  c e l l  t o  t h e  p o i n t  

where h o t  f a c e  tempera tures  of t h e  specimen of 4500OF w i l l  be 

ob ta inab le .  Thermal c o n d u c t i v i t y  curves  may then  be extended 



about 4000°F on those materials and composites which will withstand 

this temperature. Trial runs for thermal conductivity measurement 

on the modified apparatus are scheduled to begin June 10, 1963. 
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There are  many i n s u l a t i o n  m a t e r i a l s  a v a i l a b l e  f o r  thermal  

p r o t e c t i o n  w i t h  v a r i o u s  d e n s i t i e s ,  chemical compos:Ltions and 

degrees  of r e f r a c t o r i n e s s .  There are,  however, ve ry  few and 

p o s s i b l y  no m a t e r i a l s  which can  combine low densit iy w i t h  good 

thermal  i n s u l a t i n g  properties i n  t h e  temperature  range above 

3000OF. The reason  behind t h i s  i s ,  of course ,  t h a t  foam s t r u c t u r e s  

wh i l e  having good thermal  r e s i s t i v i t y  a t  l o w  tempera tures ,  r a p i d l y  

d e t e r i o r a t e  above 2400°F due t o  t h e  t r a n s f e r  of h e a t  through 

t h e  pores by  thermal  r a d i a t i o n .  The i n c r e a s e  i n  t h e s e  r a d i a t i o n  

or photon h e a t  t r a n s f e r  e f f e c t s  w i t h  temperature  be ing  p r o p o r t i o n a l  

t o  t h e  t h i r d  power of temperature ,  cause a d r a s t i c  loss i n  thermal  

p r o t e c t i o n  i n  t h e  h igher  temperature  ranges.  

F igure  1 i l l u s t r a t e s  t y p i c a l  thermal  c o n d u c t i v i t y  vs .  

temperature  curves  f o r  some of t h e  more common ce r , amic  ox ides .  

It  may be noted  t h a t  most of t h e s e  m a t e r i a l s  e x h i b i t  a decrease  

i n  thermal  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  temperatur 'e t o  some 

p o i n t  above 2000OF. 

thermal  i n s u l a t o r s  i n  i t s  dense form, show an i n c r e a s e  i n  thermal  

c o n d u c t i v i t y  from room tempera ture  upwards. 

Only s i l i c a  and z i r c o n i a ,  one of t h e  best  

F igure  2 compares measured va lues  f o r  a dense alumina 

ceramic and a c a l c u l a t e d  curve f o r  a 500/0 dense alumina foam, 

t h i s  Kf b e i n g  p r e d i c t e d  f o r  t h e  foam a s  a r e s u l t  of t h e  conduc t iv i ty  

component Kc and t h e  r a d i a t i o n  component K r  a s  shown i n  t h e  
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equa t ion  a t  t h e  top. 

component becomes dominant a t  temperatures  above a:bout 2400°F. 

I t  i s  t h e  g o a l  of t h i s  r e s e a r c h  program t o  f i n d  a imeans of 

It may be seen  t h a t  t h i s  thermal  r a d i a t i o n  

I r e t a r d i n g  t h i s  photon c o n t r i b u t i o n  t o  t h e  t o t a l  or apparent  

I thermal  c o n d u c t i v i t y .  

The method employed i s  t o  in t roduce  i n t o  each i n d i v i d u a l  

c e l l  of a ceramic foam or c e l l u l a r  type  of s t r u c t u r e ,  a material  

which w i l l  d i s p e r s e  a t  high temperatures  t o  form a r a d i a t i o n  

b a r r i e r  and t h u s  r e t a r d  h e a t  t r a n s f e r .  Mechanisms such a s :  

(1) a b s o r p t i o n  and r e - r a d i a t i o n  by imbedded p a r t i c l e s  of high 

e m i s s i v i t y  c h a r a c t e r i s t i c s ,  ( 2 )  s c a t t e r i n g  of thermal  energy by 

inco rpora t ed  phases  of optimum s i z e  and mean f r e e  pa th  c h a r a c t e r i s -  

t i c s ,  and ( 3 )  r e f l e c t i o n  by m e t a l l i c  f o i l  r a d i a t i o n  b a r r i e r s ,  

w e r e  cons idered  and a r e  be ing  examined. 

Before a concept  such a s  t h e  one proposed may be eva lua ted  

a ceramic foam mat r ix  must be a v a i l a b l e  which w i l l  w i ths t and  

tempera tures  i n  t h e  range of i n t e r e s t ,  t h a t  is  above 3000 F. 

Alumina, s i l i c a ,  m u l l i t e ,  s p i n e l ,  and z i r c o n  w e r e  cons idered  and 

then  e l imina ted  because of t h e i r  b o r d e r l i n e  r e f r a c t o r y  c h a r a c t e r i s t i c s .  

Thorium oxide wi th  a mel t ing  p o i n t  of 5910°F i s  a good p o s s i b i l i t y  

because of i t s  l o w  i n h e r e n t  thermal  conduc t iv i ty .  Sample foams 

w e r e  p repared  of t h i s  m a t e r i a l  f o r  p re l imina ry  e v a l u a t i o n  and t o  

determine f e a s i b i l i t y .  Typica l  mic ros t ruc tu re  of thorium oxide 

foams i s  shown a t  50X i n  F igure  3. Unfor tuna te ly ,  t h i s  oxide 

0 



a l s o  i n h e r e n t l y  has a high d e n s i t y  w i t h  a spec i f ic :  g r a v i t y  of 

over 10.  Foams which w e r e  80 t o  85% porous a f t e r  f i r i n g  t o  

3000°F had t y p i c a l  s p e c i f i c  g r a v i t y  va lues  of 1 .2  t o  2 .0  g/cc, 

cons idered  somewhat high f o r  p o s s i b l e  a p p l i c a t i o n s .  For t h i s  

reason  we  went on t o  examine o t h e r  m a t e r i a l s .  

B e r y l l i a  a l s o  a good r e f r a c t o r y  oxide w i t h  a me l t ing  p o i n t  

of 4650°F i s  a t t r a c t i v e  because of i t s  low d e n s i t y  w i t h  t h e  

s p e c i f i c  g r a v i t y  of 3.008. It, however, i s  noted f o r  i t s  high 

thermal  c o n d u c t i v i t y  and was t h e r e f o r e  r e l e g a t e d  t o  be cons idered  

only  i n  t h e  l a t e r  s t a g e s  of t h e  program. 

Magnesium oxide w i t h  a mel t ing  p o i n t  of over 5000°F and 

e x h i b i t i n g  reasonably  low va lues  f o r  bo th  s p e c i f i c  g r a v i t y  and 

thermal  c o n d u c t i v i t y  was cons idered  more f u l l y .  High p u r i t y  

MgO r a w  m a t e r i a l s  a r e  somewhat of a problem i n  t h a t  t h e y  are 

s c a r c e  and r e l a t i v e l y  expensive when you a r e  looking  f o r  t h e  

t h i r d  o r  f o u r t h  n ine  i n  p e r c e n t  p u r i t y .  An a v a i l a b l e  commercial 

grade of MgO, about  99% pure ,  was f a b r i c a t e d  i n t o  a foam s t r u c t u r e  

however, w i t h  a d e n s i t y  of about  -80 g/cc. F igure  4 shows t h e  

m i c r o s t r u c t u r e  a t  SOX of such a magnesia foam ceramic.  A l l  

p r e l i m i n a r y  measurements were promising,  however, i n  t h e  measure- 

ment of thermal  c o n d u c t i v i t y  of specimens of foamed magnesia, 

t h e  tendency of extreme g r a i n  growth i n  t h e  d i r e c t i o n  of t h e  

thermal  g r a d i e n t  was noted.  

of t r a c e  i m p u r i t i e s  a long  t h e  temperature  g r a d i e n t  was d e t e c t a b l e  

by b o t h  X-ray and s p e c t r o g r a p h i c  methods i n  t hose  p o r t i o n s  of t h e  

Actua l  zone r e f i n i n g  o r  t h e  d i f f u s i o n  
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HIGH PURITY MAGNESIA FOAM (50X) 



0 
specimen s u b j e c t e d  t o  temperatures  above 3000 F. The t r a c e s  of 

c a l c i a  and boron p r e s e n t  i n  t h e  raw m a t e r i a l  became concen t r a t ed  

i n  t h e  cooler p o r t i o n s  of t h e  sample a s  t r i - ca l c ium b o r a t e  l eav ing  
~ 

l a r a d i a l ,  f i b r o u s  s t r u c t u r e  i n  t h e  h o t t e r  p o r t i o n s ,  r e l a t i v e l y  

f r e e  of t h e s e  i m p u r i t i e s .  
t 

Zirconium d iox ide  w i t h  a me l t ing  p o i n t  of 4700°F was a l s o  

cons ide red  i n  t h e  e a r l y  s t a g e s  of t h i s  i n v e s t i g a t i o n .  A s  mentioned 

e a r l i e r  it has ex t remely  l o w  thermal  c o n d u c t i v i t y  even i t s  dense 

form and i t s  specific g r a v i t y  of 5.6 i s  n o t  unreasonably high.  

Q u i t e  pu re  r a w  m a t e r i a l s  may be obta ined  a t  reasonable  cost and 

a l though z i r c o n i a  does have a c r y s t a l l o g r a p h i c  i n v e r s i o n  from 

t h e  monocl inic  form t o  a cub ic  form a t  h igh  tempera ture ,  t h e  oxide 

may be s t a b i l i z e d  i n  t h i s  l a t t e r  f o r m  by t h e  format ion  of a s o l i d  

s o l u t i o n  of z i r c o n i a  w i t h  smal l  amounts of such oxides  a s  c a l c i a ,  

y t t r i a  and o t h e r s .  E x c e l l e n t  z i r c o n i a  foams have been f a b r i c a t e d  

by a v a r i e t y  of techniques .  F igure  5 shows t h e  m i c r o s t r u c t u r e  of 

one such z i r c o n i a  foam a t  a magn i f i ca t ion  of 50X. Such foams of 

s t a b i l i z e d  zirconium oxide have been prepared  a t  dens i t ies  from 

about  .6 t o  1.5 g/cc. One procedure w a s  selected which produces 

.85 t o  -90  g/cc m a t e r i a l  a f t e r  f i r i n g  t o  3000 F and specimens 

prepared  f o r  t r ea tmen t  by a v a r i e t y  of methods. 

0 

One group of z i r c o n i a  foams was impregnated w i t h  an essen-  

t i a l l y  cont inuous phase of p y r o l y t i c  g r a p h i t e .  T h i s  was done 

i n  o rde r  t o  raise t h e  e m i s s i v i t y  of z i r c o n i a  from i t s  normal va lue  
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of about  . 3  t o  t h a t  of u n i t y .  I t  was accomplished by p l a c i n g  t h e  

I f i r e d  z i r c o n i a  specimens i n  a vacuum b e l l  j a r  (F igure  6) and 

evacuat ing  t o  a p r e s s u r e  of about 1 0  microns. A t  t h i s  p o i n t  t h e  

b e l l  j a r  was i s o l a t e d  from t h e  vacuum pump and t h e  chamber back- 

f i l l e d  w i t h  heptane vapor t o  a p r e s s u r e  of approximately 

4 m i l l i m e t e r s  of mercury by c o n t r o l l i n g  t h e  temperature  of 

l i q u i d  heptane i n  an a d j a c e n t  v e s s e l .  The specimen when hea ted  

t o  about  1000 C i n  t h i s  atmosphere was coa ted  on a l l  s u r f a c e s  

exposed t o  t h e  heptane vapor wi th  a t h i n  l a y e r  of p y r o l y t i c  

g r a p h i t e .  

' 
1 

~ 

I 

0 

Another method used t o  o b t a i n  an e s s e n t i a l l y  cont inuous 

phase of g r a p h i t e  on a l l  s u r f a c e s  of a z i r c o n i a  foam specimen was 

by vacuum impregnation of a c o l l o i d a l  g r a p h i t e  suspension.  F igure  7 

i s  a photomicrograph of such a z i r c o n i a  foam w i t h  an e s s e n t i a l l y  

cont inuous phase of g r a p h i t e  on t h e  s u r f a c e  of t he  z i r c o n i a .  

Z i r con ia  foams w e r e  a l s o  prepared i n  which t h . e  g r a p h i t e  i s  

e s s e n t i a l l y  made a d iscont inuous  phase.  This  was accomplished by 

i n c o r p o r a t i n g  g r a p h i t e  p a r t i c l e s  of a d e s c r e t e  s i z e  range du r ing  

t h e  foaming ope ra t ion .  Figure 8 shows t h e  m i c r o s t r u c t u r e  of such 

a zirconium oxide carbon composite. F i r i n g ,  of cour se ,  must be 

done i n  an i n e r t  o r  reducing atmosphere t o  p reven t  ox ida t ion  of 

t h e  carbon du r ing  f i r i n g .  

Carboneous d e p o s i t e s  may a l s o  be in t roduced  w i t h i n  t h e  foam 

s t r u c t u r e  by t h e  inco rpora t ion  of i n s o l u a b l e  aromatic  hydrocarbons 

d u r i n g  t h e  foaming o p e r a t i o n .  





FIGURE 7 

Z I R C O N I A  FOAM WITH CONTINUOUS 
PHASE FOR COLLOIDAL GRAPHITE 
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PHASE O F  GRAPHITE 



Another approach t o  t h e  r educ t ion  of t h e  r a d i a t i o n  component 

of thermal  c o n d u c t i v i t y  a t  h igh  temperatures  i s  t o  in t roduce  

m e t a l l i c  f o i l  h e a t  ref lectors  a s  a r a d i a t i o n  barr ier  phase.  Small 

hollow microspheres  of z i r c o n i a  have been ob ta ined  and coa ted  

w i t h  a t h i n  l a y e r  of m e t a l l i c  t ungs t en  by a pyrol lyt ic  vapor 

d e p o s i t i o n  method. Such coated par t ic les  may be in t roduced  

i n t o  t h e  foam dur ing  t h e  foaming operaeion and, a:Eter d ry ing  t h e  

composite, f i r e d  i n  an i n e r t  or reducing  atmosphere. I t  i s  a l s o  

possible t o  vapor d e p o s i t  an ox ida t ion  r e s i s t a n t  c o a t i n g  over t h e  

tungs t en  by ano the r  gas  phase r e a c t i o n  l eav ing  a c o a t i n g  of 

alumina, b e r y l l i a  or other oxide ceramics  a s  desired. 

The method of measurement of thermal  c o n d u c t i v i t y  of t h e s e  

ceramic foams and composite specimens should nex t  be cons idered  

b r i e f l y .  E s s e n t i a l l y  we designed and b u i l t  a dir lect  r a t h e r  t han  

a comparative type  of ins t rument  which uses  t h e  s t e a d y  s t a t e ,  

r a d i a l  h e a t  f l o w  method. Our specimen is  a r i g h t  c i r c u l a r  

c y l i n d e r  2 "  i n  d iameter  and of i n f i n i t e  i e n g t h  ( i n f i n i t e  l e n g t h  

i n  t h i s  case be ing  9 " ) .  Normally w e  stack a series of t h r e e  or 

more specimens t o  form t h i s  c y l i n d e r .  F igure  9 i s  a schematic  of 

t h e  geometry of our  dev ice .  The h e a t e r ,  a s  we  have used it t o  

date ,  i s  of tungs t en  or molybdenum w i r e  wound on a dense b e r y l l i a  

muff le  and p l aced  i n s i d e  of a dense b e r y l l i a  thermocouple pro- 

t e c t i o n  tube .  The c y l i n d r i c a l  specimen,with a 3/4" I.D. c e n t r a l  

h o l e  is  p laced  over t h e  h e a t e r  so  t h a t  a l l  h e a t  m u s t  p a s s  through 

t h e  specimen i n  a r a d i a l  d i r e c t i o n .  End losses a r e  minimized t o  





some e x t e n t  by i n s u l a t i o n  and r a d i a t i o n  s h i e l d i n g .  C a l c u l a t i o n s  

a r e  made f o r  t h e  1" long c e n t r a l  s e c t i o n  of t h e  specimen so  

t h a t  4"  on each end of t h e  specimen f u n c t i o n  a s  guard r i n g s .  

The r a d i a l  temperature  g r a d i e n t  i s  measured :by d r i l l i n g  

h o l e s  of two a c c u r a t e l y  known depths  from t h e  o u t e r  pe r iphe ry  

of t h e  specimen. Ref rac to ry  me ta l  s i g h t  t ubes  a r e  provided froin 

t h e  fused  q u a r t z  window i n  t h e  water  cooled s tee l  o u t e r  j a c k e t .  

Temperatures a r e  measured over a 3" l eng th  i n  t h e  c e n t e r  t o  i n s u r e  

t h a t  r a d i a l  h e a t  f l o w  has t r u l y  been e s t a b l i s h e d .  I n  ope ra t ion  

only  sma l l  random temperature  d i f f e r e n c e s  a r e  noted  i n  ho le s  of 

e q u a l  dep th  over t h e  c e n t r a l  3"  l eng th .  I n  a d d i t i o n ,  i so the rma l  

c o l o r  l i n e s  a r e  v i s i b l e  w i t h i n  t h e  specimens a f t e r  measurement. 

These a r e  normally examined a f t e r  a run t o  s u b s t a n t i a t e  t h a t  

r a d i a l  h e a t  f low had been accomplished du r ing  t h e  measurement. A 

t y p i c a l  p r o f i l e  of an i so the rma l  c o l o r  l i n e  i s  shown i n  t h e  

d o t t e d  l i n e  through t h e  specimen i n  F igure  9. 

It may be noted  i n  t h i s  f i g u r e  t h a t  t he re  i s  no thermal  

i n s u l a t i o n  o t h e r  t han  t h e  molybdenum r a d i a t i o n  s h i e l d s  and of 

cour se  t h e  specimens themselves.  Under s t e a d y  s t a t e  c o n d i t i o n s  

w i t h  a h e a t e r  temperature  of 3600 F and a "hot  facze" tempera ture  

( i n  t h e  deeper  of t h e  s i g h t  h o l e s )  of 3250OF t h e  o u t e r  molybdenum 

r a d i a t i o n  s h i e l d  t y p i c a l l y  measures 800°F and adequate  coo l ing  of 

t h e  exter ior  s t e e l  s h e l l  i s  achieved a t  a water  f l o w  r a t e  of about 

.2 t o  .3 g a l l o n s  per minute. 

0 



Temperatures are measured by s e v e r a l  methods. I n i t i a l  

w o r k  and t h e  data p resen ted  a t  t h i s  t i m e  w e r e  measured by an 

i n f r a r e d  r a d i a t i o n  pyrometer and a "ho t  w i r e "  o p t i c a l  pyrometer. 

I n i t i a l l y  we  w e r e  concerned w i t h  t h e  emi t tance  c h a r a c t e r i s t i c s  of 

t h e  s i g h t  ho le s .  Holes of v a r i o u s  depths  and r e l a t i v e l y  l o w  l e n g t h  

t o  depth  r a t i o s  i n  composite m a t e r i a l s  of vary ing  e m i s s i v i t y  a r e  

no t  idea l  c o n d i t i o n s  under which t o  assume black hody cond i t ions .  

For t h i s  reason  we measured t h e  emi t tance  a t  t h e  bottom of s e v e r a l  

ho le s  i n  each type  of specimen. This  w a s  accomplished by p l a c i n g  

s m a l l  s t r i p s  of pure  gold  and then  pure  plat inum a long  t h e  

isotherms i n  t h e  bottoms of bo th  shal low and deep s i g h t  ho le s  

as shown i n  F igu re  9,  and a c t u a l l y  observing their:  mel t ing .  

F igure  10 shows d a t a  p o i n t s  f o r  normal s p e c t r a l  emi t tance  

i n  t h e  1.5 t o  2.6 micron response range of our  i n f r a r e d  pyrometer 

a t  t h e  me l t ing  p o i n t s  of go ld  and of plat inum i n  t h e  deep and 

sha l low ho le s .  A l s o  shown i s  a t o t a l  normal emi t tance  measure- 

ment i n  i n e r t  atmosphere on a specimen of dense z i r c o n i a  r e p o r t e d  

by t h e  Southern Research I n s t i t u t e .  A f i r s t  approximation of 

emi t tance  c o r r e c t i o n  f o r  our  s i g h t  ho le s  of depths  i n d i c a t e d  can 

t h e n  be made by drawing a curve of t h e  approximate shape of 

t h e  S R I  curve through t h e  two data  p o i n t s  ob ta ined  a t  t h e  me l t ing  

p o i n t s  of go ld  and plat inum. I n f r a r e d  pyrometer r ead ings  c o r r e c t e d  

i n  t h i s  manner have y i e l d e d  smooth exper imenta l  curves  i n  good 

agreement w i t h  publ i shed  thermal  c o n d u c t i v i t y  d a t a  on m a t e r i a l s  

of s i m i l a r  composi t ion ,  properties and s t r u c t u r e .  





Thermal c o n d u c t i v i t y  may be c a l c u l a t e d  under s t e a d y  s ta te  

cond i t ions  by determining t h e  h e a t  f l o w  "q" pass ing  through t h e  

specimen, t h a t  i s ,  t h e  power i n p u t ,  and t h e  temperature  g r a d i e n t  

over a known d i s t a n c e .  The equa t ion  used is: 

The only o t h e r  measurements a r e . t h e  r a t i o  of t h e  r a d i i  of t h e  

bottoms of t h e  t w o  s i g h t  h o l e s ,  assumed t o  be t h e  same a t  measure- 

ment tempera tures  as t h a t  e a s i l y  measured a t  room temperature  and 

t h e  l e n g t h  of t h e  specimen which  i s  r a d i a l l y  heated.  S ince  our 

primary concern w a s  f o r  a v a l i d  comparative rather than  a b s o l u t e  

d a t a  t h i s  exper imenta l ly  simple appara tus  w a s  cons idered  adequate  

i n  sp i te  of t h e  number of sources  of error involved.  

F igure  11 i s  a photograph of some t y p i c a l  specimens. I t  

may be noted i n  t h e  c e n t e r  of t h i s  photograph t h r e e  s e c t i o n s  which 

together f o r m  a 9"  z i r c o n i a  f o a m  specimen. The s e c t i o n  i n t a c t  

a t  t h e  l e f t  w a s  t h e  top ,  i n  t h e  c e n t e r ,  s p l i t  i n  h a l f ,  is  t h e  

c e n t r a l  s e c t i o n  and on t h e  r i g h t ,  a l so  c u t  a p a r t  t o  expose t h e  

i so the rma l  color l i n e s ,  t h e  bottom most p o r t i o n  of t h e  specimen. 

It i s  apparent  i n  examining t h e  c r o s s - s e c t i o n  of t h e s e  p i e c e s  

t h a t  t h e  i so thermal  c o l o r  l i n e s  are indeed obvious and can be 

used t o  s u b s t a n t i a t e  t h e  assumption t h a t  r a d i a l  h e a t  f low c o n d i t i o n s  

w e r e  e s t a b l i s h e d .  I n  t h e  l e f t  foreground of t h e  photo i s  a 

s e c t i o n  of magnesia foam. Close examination w i l l  r e v e a l  t h a t  t h e  
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i n t e r n a l  a r e a ,  of cour se ,  t h e  h o t t e s t  p a r t  of t h e  specimen, has 

indeed been g r e a t l y  a f f e c t e d  and shows extreme g r a i n  growth and 

s e v e r e  sh r inkage .  

F igure  1 2  shows thermal  c o n d u c t i v i t y  vs .  t empera ture  cu rves  

measured on our a p p a r a t u s  a long  w i t h  some accepted pub l i shed  d a t a .  

Our f i r s t  few r u n s ,  made f o r  equipment c a l i b r a t i o n  purposes ,  w e r e  

made on a 99.5% pure  alumina of 92% of t h e o r e t i c a l .  d e n s i t y .  These 

p o i n t s ,  measured on ly  w i t h  an  o p t i c a l  pyrometer,  a r e  i n  f a i r  agreement 

wi th  some KIT d a t a  measured on m a t e r i a l  of a s i m i l a r  p u r i t y  and 

d e n s i t y .  S ince  alumina was n o t  cons ide red  r e f r ac t . o ry  enough f o r  

our a p p l i c a t i o n  no f u r t h e r  d a t a  p o i n t s  w e r e  cons ide red  necessa ry  

a f t e r  a premature t e r m i n a t i o n  of t h i s  measurement run .  

Next we measured a n  8% c a l c i a  s t a b i l i z e d  z i r c o n i a  s i n t e r e d  

t o  85% of t h e o r e t i c a l  d e n s i t y .  These w e r e  measured w i t h  t h e  

o p t i c a l  pyrometer a s  i n d i c a t e d  by t h e  d a r k  c i rc les  and l a t e r  w i t h  

t h e  i n f r a r e d  pyrometer correctec2 f o r  emi t t ance  a s  p rev ious ly  

d e s c r i b e d .  Shown a l s o  a r e  MIT d a t a  on a dense z i r c o n i a  and s o m e  

Southern  Research I n s t i t u t e  Data on s e v e r a l  samples of dense 

z i r c o n i a .  You w i l l  no t e  we v e r y  comfor tab le  f a l l  r i g h t  i n  t h e  

miedle  of t h e s e  f a i r l y  wide ly  d i f f e r i n g  v a l u e s .  Also shown i s  

t h e  the rma l  c o n d u c t i v i t y  curve  f o r  a 15% c a l c i a  s t a b i l i z e d  

z i r c o n i a  foam having a d e n s i t y  of about  55 pounds p e r  cubic 

f o o t  o r  roughly  15% of t h e o r e t i c a l .  
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I n  comparing our  measurements on t h e  two types  of z i r c o n i a s ,  

it i s  appa ren t  t h a t  t h e  c o n d u c t i v i t y  of t h e  denser  one i n c r e a s e s  

about  lo%, from around 18 BTU/ft*/sec./in/OF a t  2000°F t o  a va lue  

of about  20 a t  3000°F. 

i n c r e a s e s  a lmost  100% from about  6 t o  1 2  BTU/ft2/sec./in/OF, 

a f a c t o r  of 10 greater i n c r e a s e  i n  c o n d u c t i v i t y  w i t h  temperature .  

While e x t r a p o l a t i o n  of t h e  curves  i s  no t  j u s t i f i a b l e ,  it i s  

possible t h a t  t h e  t w o  curves  may cross a t  about  350O0F. 

foam specimen d i d  show some degrada t ion  of t h e  I.Dl. s u r f a c e  a t  

an  estimated tempera ture  of 3450 F, which may acccunt  f o r  pa r t  

of t h e  i n c r e a s e .  S t a r t i n g  m a t e r i a l  f o r  t h a t  foam i n c i d e n t l y  

was a C.P. monocl inic  z i r c o n i a  w i t h  about  8600 ppm t o t a l  i m p u r i t i e s .  

W e  have s i n c e  gone t o  a more pure  raw m a t e r i a l  w i t h  about 700 ppm 

i m p u r i t i e s  and see less of t h e  s u r f a c e  degrada t ion .  

I n  t h i s  same temperature  range t h e  foam 

T h i s  

0 

Figure  13 shows a few d a t a  p o i n t s  on foams t r e a t e d  i n  d i f f e r e n t  

ways i n  e f f o r t s  t o  c u t  down on t h e  r a d i a t i o n  components of thermal  

c o n d u c t i v i t y .  The bottom one i s  of course  t h e  z i r c o n i a  foam mat r ix  

s i m i l a r  t o  t h e  curve of F igure  1 2 .  This  same type  of foam was 

impregnated w i t h  g r a p h i t e  by t w o  d i f f e r e n t  methods. One was 

a p h y s i c a l  i n c o r p o r a t i o n  of g r a p h i t e  p a r t i c l e s  sc reened  t o  between 

100 and 200 mesh, y i e l d i n g  a d iscont inuous  added phase.  The o t h e r  

is e s s e n t i a l l y  a cont inuous g r a p h i t e  phase i n  which a c o l l o i d a l  

suspens ion  w a s  vacuum impregnated i n t o  t h e  z i r c o n i a  foam a f t e r  

it had been f a b r i c a t e d  and f i r e d .  There i s  an  ind . ica t ion  of a 



d i f f e r e n c e  i n  s l o p e  between t h e  c o n d u c t i v i t y  cu rves  of t h e s e  t w o  

m a t e r i a l s  and it i s  i n t e r e s t i n g  t o  compare them t o  t h e  curve of a 

t y p i c a l  g r a p h i t e  shown by t h e  d o t t e d  l i n e .  It may be noted t h a t  t h e  

s l o p e  of t h e  z i r c o n i a  foam w i t h  t h e  cont inuous g r a p h i t e  phase 

approaches t h a t  of t h e  g r a p h i t e  i t s e l f  w h i l e  t h e  o t h e r  foam more 

c l o s e l y  fo l lows  t h e  curve of t h e  mat r ix .  

0 
It may be obvious t h a t  m o s t  d a t a  p o i n t s  a r e  only  up t o  3000 F 

w i t h  only  a few runs making measurements t o  325OOI”. 

t h a t  t h e s e  a r e  no t  mean temperatures  b u t  r a t h e r  the tempera tures  

of t h e  h o t t e s t  side of t h e  g r a d i e n t  t h a t  i s  measured. T h i s  is  

n o t ,  however, t h e  h o t t e s t  p o r t i o n  i n  t h e  sample, for  t h e  I . D .  

s u r f a c e  f a c i n g  t h e  h e a t e r  would be cons ide rab ly  h o t t e r  t han  t h a t  of 

t h e  deepes t  s i g h t  ho le .  The reason  f o r  t h i s  measurement l i m i t a t i o n  

is  t h a t  w e  found a temperature  l i m i t a t i o n  i n  t h e  w i r e  wound, B e 0  

supported h e a t i n g  element a t  about  3800 - 4000°F a t  t h e  p o i n t s  

where t h e  B e 0  and r e f r a c t o r y  me ta l  w e r e  i n  contact;. 

I might add a l s o  

I 
I 

W e  have redesigned and a r e  now assembling t h e  same b a s i c  

~ 

~ 

u n i t  w i t h  a g r a p h i t e  h e l i x  h e a t i n g  element i n  p l a c e  of t h e  w i r e  

wound h e a t e r .  With t h i s  arrangement we w i l l  be a b l e  t o  ex tend  

these curves  and get  a bet ter  idea  of how t h e  thermal  c o n d u c t i v i t y  

i s  a f f e c t e d  by t h e  va r ious  methods developed. An a d d i t i o n a l  

change is  t h e  inco rpora t ion  of t ungs t en  5% rhenium vs .  t ungs t en  

20% rhenium thermocouples which w i l l  be used i n  a d d i t i o n  t o  t h e  

s i g h t  ho le s  f o r  o p t i c a l  measurement. The thermocouples w i l l  be 

l o c a t e d  90° away so a s  t o  minimize possible i n t e r f e r e n c e s .  
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advantage of t h e  thermocouple ho le s  i s  t h a t  t hey  w i l l  be a long  

isotherms and w i l l  less s e r i o u s l y  e f f ec t  t h e  radia .1  temperature  

g r a d i e n t s .  The equipment i n  i t s  modified form should be capable  

of thermal  c o n d u c t i v i t y  measurements t o  deep ho le  temperatures  

of about  4000OF. Based on our  materials evaluat ic lns  t o  d a t e  t h i s  

should be s u f f i c i e n t  f o r  t e s t i n g  m o s t  ceramic foams t o  t h e  p o i n t  

of seve re  h o t  f a c e  degrada t ion .  
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